Abstract: Twenty black spruce (Picea mariana (Mill.) BSP) populations from Alberta were tested at one trial to study the variation of shoot elongation at ages of 15 years, height growth at 10 and 15 years, and breast-height diameter (DBH) at 14 years. Significant difference among populations was found for all of the growth traits and some of the shoot elongation traits investigated. Population means for shoot elongation and cumulative growth traits of significant difference were further regressed against the geographic coordinates and climates of seed origins to study patterns of genetic variation in relation to geography and climate. Both linear and quadratic regressions were investigated, but the one with better fit (lower P and standard error) was chosen and further analyzed. Geographic and climatic gradients explained 20%-62.9% of the population variation in regressions that were statistically significant. Shoot elongation and cumulative growth traits were closely related to frost-free periods, but diverged in their relationships to geographic and all other climatic variables considered. While shoot elongation was associated exclusively with latitude, longitude, day length, and negative temperature variables, growth traits were associated with elevation and positive temperature and moisture variables. Climate factors were more effective than geographic coordinates in describing differentiation in shoot elongation and growth traits. The most effective factors in predicting growth traits were mean annual precipitation and summer moisture index of the seed origin. 
Introduction
Genetic variation among populations over a wide natural distribution range is common in many plant species as a consequence of long-term natural selection and genetic drift (e.g., Morgenstern 1996) . Such variation can often be expressed in a geographic pattern, such as a latitudinal or longitudinal cline. While range-wide variation can often be described as a function of geographic coordinates, withinregion or local variation is probably much more complex, described not only by geographic coordinates but also by topography and many other ecological conditions or niches (Morgenstern 1978 (Morgenstern , 1996 Oleksyn et al. 1998; Rehfeldt et al. 1999) . Depending on the range of the populations sampled, regional variation may show up as parts of range-wide geographic clines, specific patterns reflecting local adaptation, or both.
Climate variation is an important factor in determining range-wide as well as within-region ecological conditions (Woodward 1987) . As weather varies from year to year, mean values over a long-term period may be used to represent a location's stable climate (Environment Canada 1982) . Although long-term data are available in many weather stations, reliable data are often lacking for the origins of populations sampled for research or production purposes (particularly for many forest tree species). Rehfeldt (1995) suggested use of long-term weather station data to establish physiographic models for predicting climates at locations without weather information and for studying climaterelated population variation. Several investigations based on this idea have generated interesting results concerning population adaptation and have led to promising applications in forest ecosystem management (Booth 1990; Rehfeldt 1995; Rehfeldt et al. 1999) . Of particular interest is the study of population response to changing climate conditions, especially warming temperatures and of adaptive strategies for coping with problems arising with such changes.
Black spruce (Picea mariana (Mill.) BSP) is widely distributed in northern North America (Burns and Honkala 1990; Fig. 1) . Several studies have reported range-wide population variation in physiological traits at early ages in this species (e.g., Morgenstern 1978; Fowler and Park 1982; Boyle 1985) . Variation was also detected for populations sampled from subsets of its natural range (O'Reilly and Parker 1982; Nienstaedt 1984; Khalil 1986; . In this study, we focus on the variation in stem growth at age 10-15 years and in shoot elongation at age 15 years for Alberta populations. The relationships between shoot elongation/growth and geographic coordinates or corresponding climates of population origin were of particular interest.
Materials and methods

Materials, field experiment, and measurement
In the late 1970s, black spruce seeds were collected from 20 natural populations in nine forest regions. These populations cover much of the geographic distribution of this species in Alberta (Table 1 , Fig. 1 ). From each population location, cones were first separately collected from 10 or more mother trees that were randomly sampled from the naturally regenerated stand, with a minimum intertree distance of 50 m. The extracted family seeds from a location were then bulked to represent a population. These black spruce populations have repeatedly been used in Alberta's provincial genetic and breeding programs.
Seedlings for the field experiment were grown in a greenhouse from February to June of 1985, hardened in a lathhouse for one month, and then transplanted into a nursery bed. The seedlings were lifted on 8 April 1988 and kept in cold storage at +2°C until being outplanted in the experimental site during 16-20 May 1988. By counting from seed- ing, they were 15 years old at the time when the measurement of shoot elongation for the present study was conducted. All ages concerned were also counted from seeding.
The field experiment was located at the Tree Improvement and Seed Centre, near Smoky Lake, Alberta (54°04!N, 112°12!W, at an elevation of 610 m). A randomized complete block design was used. It had five replications (blocks) with a seven-tree row plot for each population (5 × 20 = 100 row plots in total). Because of stock shortage, four row plots were planted with three to six trees. The tree spacing was 3 m × 3 m. Height growth was measured for each tree at ages of 10, 13, and 14 years. Diameter at breast height (DBH; 1.3 m) was also measured for each tree at age of 14 years.
For the present study, trees 2, 4, and 6 in each plot were chosen for measurement of shoot elongation. If a delegated tree was dead, then either one of the two closest neighbours in the plot was used; if the leader bud of a tree was damaged, the closest neighbour with the similar height growth in the plot was sampled. For the plots with three to six trees, three trees in the middle were chosen. Therefore, 300 trees in the test (about three-sevenths of the whole population) were sampled to represent 20 populations, each comprising 15 trees. During shoot elongation, six trees in total were excluded due to insect damage.
From 27 May of the growing season in 1999 (before black spruce started to flush), the elongation of the terminal shoot was marked at 7-day intervals on the bamboo sticks carefully tied on the leaders of the sample trees until height growth fully stopped. When the field observation was finished, the bamboo sticks with labels were collected, and shoot length at different times was measured. Total height at age 15 was obtained by adding the total shoot elongation realized at 15 years (S 15 ) to the total height at age 14 years. Data of 10-and 15-year height growth and 14-year DBH associated with trees sampled for shoot elongation measurement were analyzed.
A shoot growth function and derived elongation traits
We developed the following function to fit an individual's shoot growth curve and construct the relevant traits:
where S is the shoot elongation completed at time T (day); C, the maximum shoot elongation capacity possible at the end of growing season; V and W, the shape parameters of the shoot elongation curve; T h , the time when half of C is achieved; and T R , the recording period of shoot elongation from 0 to 0. T is an independent variable, counted from 0, set for the first observation day (27 May 1999) to the day by which a shoot elongation fully ceases. S is the cumulative shoot elongation, dependent on T. When T is close to the end of growth period, S is close to but lower than C. Therefore, the total shoot elongation observed, such as S 15 for an individual, should be similar to the corresponding value of C. The last term, T R , is known for all individuals. By fitting an individual's cumulative shoot elongation measurements to the corresponding observation days with eq. 1, four parameters (C, V, W, and T h ) can be obtained. The function is a combination of the following two wellknown sigmoidal functions (SPSS Inc. 2000):
When we fit these two functions to the same set of data, we found that both mathematically described shoot elongation to a high degree. When we further examined the shape of each growth curve, we also found that eq. 2 generally slightly overestimated the shoot growth during the first 2 weeks while eq. 3 relatively poorly fit the shoot growth at the late stage (last 4-6 weeks). Eqation 1, which combines both functions, improved the fitting, with parameters V and W mainly controlling the respective early and late growth of shoot. Many sigmoidal functions can fit data on elongation of shoots well. However, we do not attempt to consider all of them and explore only the best one assessed in the present study. Figure 2 illustrates the influence of a single parameter on growth curve while the other three parameters remain constant. An individual with high C shows a high maximum potential for shoot growth ( Fig. 2A) . High T h indicates late bud flush and set (Fig. 2B) , while low W and V result in either bud late flushing and early setting or shorter growth period (Figs. 2C and 2D ). Besides the 15-year-old shoot length (S 15 ) realized and the four parameters obtained by fitting the function, we derived five more shoot elongation traits from the regression equation, using methods similar to those of Rehfeldt and Wykoff (1981) and Rehfeldt (1992) : (i) time of initiation of elongation, defined as the day by which 3-mm shoot growth had occurred (T s ); (ii) time of cessation of elongation, defined as the day on which less than 2-mm shoot elongation had occurred (T c ); (iii) time with maximum daily shoot growth, defined as the day on which maximum daily shoot growth had occurred (T m ) (it is also the inflexion point of the growth curve); (iv) shoot growth period, defined as the number of days between elongation initiation and cessation (G p ); and (v) growth rate, defined as the mean elongation per day during the period of most rapid elongation (G r ), defined as the period between which 20% and 80% of the shoot had elongated.
Equation 1 was fitted to data measured for each tree. All data sets (294 trees in total) had excellent fits with eq. 1, with two trees having R 2 = 0.97 and 0.98, respectively, and all others having values of R 2 > 0.99. All regressions and the effects of parameters C and T h in eq. 1 were extremely significant at level of P < 0.0001. The shape parameters V and W had significant effect (P < 0.05) in 271 and 250, respectively, of 294 trees analyzed, indicating their individual importance in fitting shoot elongation. In this study, shoot elongation traits of 15-year-old trees (mentioned above) and growth traits at different ages were analyzed. Table 2 summarizes these traits.
Climates of population origins
Climate normals describe the average climate over a certain period at a weather station (Environment Canada 1982) . Rehfeldt et al. (1999) introduced a polynomial model developed by using step-wise method to predict climate for locations without weather stations in British Columbia. A prediction model depends exclusively on a location's geographic coordinates (latitude, longitude, elevation, and their In building our polynomial prediction models, we used both step-wise and maximum R 2 improvement methods (SAS Institute Inc. 1992). Although both methods generally resulted in sound models, we found that by properly considering the R 2 value, the number of geographic variables, Mallow's C(p) value, and other factors (SAS Institute Inc. 1992), maximum R 2 improvement models provided better prediction of all climate variables in Alberta. Therefore, we employed the maximum R 2 improvement models in the present study (Table 2 , Appendix A).
The best model obtained by using maximum R 2 improvement methods had the highest R 2 value for a given number of geographic variables. Among the best models, one was selected according to R 2 , Mallow's C(p) value, validation results, and comparison with the step-wise model. The goodness (R 2 ) of fit (Appendix A) and the validation results (error mean square, regression of the predicted values on the observed values using the independent samples, distribution of the residuals of the models) indicated that all 10 models generally perform well in predicting the corresponding variables. In addition to the 10 climate variables predicted, three others were constructed: annual moisture index (growing degree-days/annual precipitation); summer moisture index (growing degree-days/summer precipitation); and the temperature difference between warmest and coldest month (Table 2). Thus, 15 climate variables in total were predicted or calculated for the origins of the 20 black spruce populations studied, as well as the test site.
Statistical analysis
ANOVAs were conducted to examine the population variation in shoot elongation and growth traits (SAS Institute Inc. 1992). The effects of replication, population, and population × replication interaction were all considered as random. The least-squared mean was calculated for each population to represent the influence of its original environment. To detect if the population variation was geographically or climatically clinal, the least-squared means of populations for each trait were separately regressed against the locations (latitude, longitude, and elevation) and climate variables of the population origins. Both linear and quadratic regressions (Y = a + bX and Y = a + bX + cX 2 ) were performed, but the one with a higher level of statistical significance (low P value) was chosen for further analysis and discussion.
Results
Analysis of variance and means
Effects of replication, population, and population × replication interaction on shoot elongation and growth traits are summarized in Table 3 . Environmental effects associated with replication significantly influenced the timing of shoots reaching half of the growth capacity (T h ) and the maximum daily growth rate (T m ) and DBH at 14 years old (D 14 ), but not other traits. In general, shoot elongation and growth traits were (or were close to being) significantly different (P < 0.05) among black spruce populations from Alberta (Table 3 ). The levels of significance were higher for growth than for shoot elongation traits. All growth traits and T h were strongly different at P < 0.01. Parameters T m , T s , T c , G p , and S 15 differed at the level of 0.01 < P < 0.05. Parameters C, V, W, G r were weak and not statistically significant (0.05 < P < 0.1). Interaction effects between replication and population had a significant effect on height growth at 15 years (H 15 ), T h , T m , T c , and G p (Table 3 ). In the following discussion, we focused attention on nine traits with significant variation among populations (P < 0.05), unless otherwise stated.
The mean, standard error, and range of 20 populations are given in Table 4 . The initiation (T s ) and cessation (T c ) of shoot elongation differed among populations by about 2.3 and 10.4 days, respectively, counted from 27 May. Although the extent of variation in both traits was small in contrast to the early findings on young seedlings, the results were consistent with the finding that bud set was much more differentiated than bud flush (Morgenstern 1978) . While S 15 was similar to but lower than C, T h was similar to but higher than T m . Apparently G p was dominated by T c (r = 0.966, P < 0.0001). The variation (standard error) in height tended to increase with age.
Regression on geographic and climatic variables
In Alberta, 10 climate variables were well modeled in terms of latitude, longitude, and elevation (Appendix A). Growth and shoot elongation traits of significant population variation were regressed against the geographic and predicted climatic variables of the population origins. Although most of the functions were statistically rejected, significant clinal population variation was detected over one or more geographic or climatic gradients for all traits (P < 0.05) except S 15 . The regression results excluding that for S 15 are presented in Table 5 Table 2 ). linear or quadratic, 41 (11 linear and 30 quadratic) were significant (P < 0.05). Geographic or climatic gradients explained 30.4%-62.9% and 20.0%-47.4% (R 2 value) of the population variation for significant quadratic and linear regression, respectively. Some of the models are further demonstrated in Figs. 3-5.
Twenty populations under study were relatively well distributed over geographic gradients (Table 1, Fig. 1 ), but were biased over some climatic gradients in Alberta (Figs. 4 and  5C) . One or sometimes a few individual populations played an important role in creating significant linear or quadratic regressions on climate variables. Assuming that climate variables better indicated the ecological conditions of a population than did geographic coordinates, and that all populations sampled well fell in the ranges of all climate variables in Alberta, these individual populations were not excluded as outliers in studying the clinal variation of black spruce in terms of climate. In fact, normality and constant variance were obtained for all significant models except for regression of T m against frost-free period (ffp) ( Table 5 ). The exception was improved with normality and constant variance, achieved by squaring the dependent variable in the regression.
Regional clinal variation
The traits with significant population differentiation also showed significant clinal variation along one or a few geographic and/or climatic gradients, except for S 15 (Tables 3  and 5 ). S 15 exhibited significant difference among populations, but insignificant clinal variation. Except for frost-free period (ffp), both geographic and climatic factors diverged in affecting the population differentiation of shoot elongation and growth, respectively, in Alberta (Table 5) . Some shoot elongation traits were significantly associated with latitude and longitude but not elevation, whereas significant regression of height growth was exclusively found with elevation. While shoot elongation was regulated by day length (dl), negative degree-days (db0), mean January temperature (mjat), and temperature difference between mean July and January temperature (tdif), growth was regulated by all other climate factors.
The initiation (T s ) of shoot elongation was only correlated with longitude (Table 5 , Fig. 3A) . A strong correlation (P < 0.001) existed among T h , T m , T c , and G p , which showed similar clinal variation (pattern) over ffp, db0, mjat, and tdif (e.g., Fig. 4) . T m and T c were delayed for populations with a long ffp, resulting in longer G p (Table 5 , Fig. 2D ). In addition, T h and T m also exhibited variation over latitude and day length and G p over longitude. All regressions for shoot elongation traits had a quadratic form, except for those with ffp and G p with longitude, for which linearity was obtained (Table 5, Figs. 3B and 4) . G p decreased with longitude (Fig. 3B) , but T h , T m , T c , and G p increased with ffp (Table 5).
Populations showed significant clinal variation in growth over elevation and most climatic factors except for negative temperature variables (mjat, tdif, and db0) ( Table 5 ). All growth traits exhibited quadratic relationships with elevation, map, msp, ami, and smi, but linear relationships with ffp, mat, and d5 (e.g., Fig. 5 ). As expected, growth (H 10 , H 15 or D 14 ) linearly increased with ffp, mat, and d5. Over summer temperature gradients (mjut and mst), variation shifted from linear for H 10 to quadratic for H 15 .
Populations with optimum performance at test site
Shoot elongation initiation was earliest, around 2 June, for populations from around 114.2°W, and delayed for populations outward from that point toward east and west. In general, T h , T m , T c , and G p were highest for populations with winter of origin slightly colder than that at the test site (e.g., Fig. 4 ). For example, they appeared at latitude 56.1°N, mjat -19.5°C, and db0 -2100, as compared with latitude 54.1°N, mjat -18.5°C, and db0 -1870 for the test site. Day length was highly correlated with latitude (r = 0.971, P < 0.0001), with highest T h and T m at 17.9 compared with 17.3 of the test site. It appeared, however, that populations with the original environments of the same or similar tdif as the test site had highest T h , T m , T c , and G p .
For the quadratic form, populations with highest growth at the test site conditions originated from areas with el, 720 m; map, 520 mm; msp, 235 mm; mjut, 15.6°C; mst, 14.4°C; smi, 5.1; and ami, 2.4, respectively (Figs. 5A and 5B) . This compared with the test site with el, 610 m; map, 472 m; msp, 237 mm; mjut, 16.5°C; mst, 15.3°C; smi, 5.8; and ami, 2.9 . For all the linear regressions, growth increased with ffp and temperature variables (mat, d5, mjut, and mst) ( Table 5 , Fig. 5C ).
Discussion and conclusions
The black spruce seed sources under study represent different populations with different locations and climates in Alberta (Fig. 1, Appendix A, Table 1 ). The distribution of these populations is narrow in contrast to the range of the whole natural distribution. Therefore, variation detected among the populations in Alberta reflects the influence of the regional environmental conditions, which may or may not have a clear connection with the well-known range-wide variation (Morgenstern 1978; Khalil 1986 ). As part of the environmental conditions, climate can directly or indirectly impact the adaptation and evolution of a population, and thus may provide a more appropriate independent variable in describing shoot elongation and growth traits. Table 4 . Mean, standard error and the range of 20 populations for nine shoot elongation and cumulative growth traits (for definitions of symbols, see Table 2 ).
Population variation in Alberta
Although all parameters in eq. 1 are biologically well defined and generally described well shoot elongation of black spruce at 15 years, most of the parameters and the derived elongation traits revealed relatively low population variation, either insignificant or significant at level of P < 0.05 (Table 3). Again, this is likely attributable to the fact that the distribution of the populations sampled is regionally restricted and relatively narrow (Table 1, Fig. 1 ). The ecological conditions that are mainly associated with the physiography and climate of the region may therefore predetermine the relatively small variation in 15-year shoot elongation and other traits. Wang and Macdonald (1992) Note: Choice of linear (Y = a + bX) or quadratic equation (Y = a + bX + X 2 ) was based on which one had better fit. Blocks inside the table classify the geographic or climatic variables and their relationships to shoot elongation, growth, or both traits (for definitions of symbols, see Table 2 ). *The dependent variable was transformed as Y 2 to pass normality and constant variance tests (P > 0.05). black spruce between upland and peatland habitats in Alberta. However, the cumulative growth (H 10 , H 15 , and D 14 ) exhibits higher contrasting variation among populations than do shoot elongation traits ( Table 3 ). Given that the population × replication interaction is significant (Table 3) , the site × population interaction is probably large. In addition, because the shoot elongation traits were measured only in 1 year, results may also be confounded by a population × site × year interaction. Shoot elongation of seedlings is regulated by two distinct sources of effects: predetermined and free growth (Pollard and Logan 1974; Logan and Pollard 1975) . The role of free growth decays with age. Variation in shoot initiation and cessation of black spruce at early ages overcaptures the environmental effects through free growth (Morgenstern 1978; Nienstaedt 1984) while small difference at 15 years is largely a result of fixed growth (Table 4 ; Logan and Pollard 1975) . In seedlings, both fixed and free growths contribute to shoot growth. Shoot growth in 15-year-old black spruce is largely determined by needle primoridia production in the previous year. Therefore, adaptation expression in shoot growth can be much stronger in seedlings than in older trees . This may be a typical process of natural adaptation in temperate conifers such as Douglas-fir Adams 1993, 1994) . Strong ageage correlation in shoot elongation exists between ages (Morgenstern 1978; Nienstaedt 1984; Rehfeldt 1992) , indicating that in black spruce 15-year-old results may partly explain shoot elongation variations and patterns at both early and late ages.
Clinal variation over geographic gradients
Associated with the vast geographic distribution of black spruce is a demonstrated clinal variation in morphology over range-wide landscapes as well as among regional populations (ecotypic variation) (Pollard and Logan 1974; Fowler and Mullin 1977; Fowler and Park 1982; O'Reilly and Parker 1982; Boyle 1985; Morgenstern 1996 and references therein). The initiation and cessation of shoot growth at ages of 2 and 3 years were clinal from north to south and from west to east (Morgenstern 1978; Nienstaedt 1984) . In the present study, the latitude, longitude, and elevation of the populations studied span 7.25°, 8.23°, and 1032 m, respectively, narrower than the range-wide natural distribution (Fig. 1) . Shoot elongation traits of Alberta's populations, which are of significance among populations, show a different pattern of geographic variation (Table 5, Figs. 3 and 5A) . For example, T s particularly exhibits a regional clinal variation rather than being in concordance with a range-wide pattern (Fig. 3A) . Latitude only accounts for T h and T m ; longitude relates to T s and G p ; elevation has no relationship to shoot elongation traits (Table 5) .
The latitude and longitude of population origins are shown to be more important factors than elevation in exhibiting range-wide clinal variation in total height growth (Morgenstern 1978; Boyle 1985) . Height growth decreases with the latitude, longitude, and elevation of the population origins (Pollard and Logan 1974; Morgenstern 1978; Nienstaedt 1984; Boyle 1985; Khalil 1986) , as is consistent with the length of the growth period. In Alberta, however, height growth does not vary significantly with latitude and longitude, but is significantly dependent on the elevation of the population origins (Table 5 ). The presence of the isolated mountains and the north-south orientation of the Rocky Mountains and foothills may complicate the geographic patterns and thus downgrade the latitudinal or longitudinal variation in Alberta, because altitudinal variation in climate factors is greater than general geographic trends. It appears that the pattern of clinal variation with elevation is again regional, indicating potential areas with populations optimally adapted to the test site (Fig. 5A ). Similar clinal variation along geographic gradients has been found for white spruce in Alberta (Morgenstern 1996; Yang and Dhir 1996) .
Clinal variation along climatic gradients
In Alberta, 4 of 10 shoot elongation traits are significantly related to day length (dl), frost-free period (ffp), negative degree-days (db0), coldest month temperature (mjat), and warmest-coldest month temperature difference (tdif) ( Table 5) . It seems that the negative temperature variables (db0, mjat, and tdif) are the main driving factors that control the variation of these shoot elongation traits (Fig. 4) . Other traits, several of which are often employed to measure shoot elongation, such as growth capacity, shoot length, and growth rate (e.g., Rehfeldt 1992), are not associated with the ecological conditions of the population origins studied. One of the reasons for low or non-significant levels of the response in the present situation is probably that these traits are less variable than those detected in seedlings (Logan and Pollard 1975; Morgenstern 1978; Koppenaal and Colombo 1988) . The relationship of shoot elongation traits with climates could be expected to decline as free growth decays with age (Logan and Pollard 1975; Li and Adams 1993) . A long-term study would help to test this theory.
In contrast with shoot elongation, growth is highly associated with most climatic factors, except for day length (dl), negative degree-days (db0), coldest month temperature (mjat), and temperature difference (tdif) ( Table 5 , Fig. 5 ). Both sets of traits do not share the same conclusive climatic factors, except for frost-free periods. This finding, along with the difference in variation among populations, implies that two sets of characteristics of black spruce may undergo different strategies of adaptation to environments and may experience different climate-relevant environmental selection. Rehfeldt et al. (1999) reported that the best climatic predictors for lodgepole pine growth were mean annual temperature and coldest month temperature. However, these two climatic factors do not show an evident impact on black spruce height growth in Alberta (Table 5 ). In fact, the most effective climatic factors in predicting 15-year-old height growth were mean annual precipitation and summer moisture index, explaining 57.6% and 51.5% of population variation, respectively (Table 5) . Obviously, different species with distinct histories of adaptation and evolution may respond differently to environment factors. Besides that, ecological conditions (which, for lodgepole pine populations, are evidently different from those for Alberta black spruce populations) should play a role in their responses. That is, the difference between lodgepole pine and black spruce may result from different limiting environmental factors: temperature for pine in cool and cold mountain environments, and precipitation for spruce in the more arid climate of Alberta.
Implications and limitations
Although eq. 1 fits the shoot elongation of black spruce well, accumulated degree-days rather than calendar days would be a more appropriate independent variable to describe shoot elongation, because it is largely a function of temperature rather than just time (e.g., Chuine et al. 2001) . Black spruce populations under study originated from different environments, but were tested at only one site. In a single-site analysis, the phenotypic characters (either directly measured or constructed) of a population reflect the interaction of its adaptation to the original ecological conditions and plasticity to the test site environment (Rehfeldt et al. 1999) . At different test sites, some general conclusions may still be valid, and general population variation along geographic and climatic gradient may still be observable.
The present study clearly shows the regional geographic and climatic clines for some traits over geographic and climatic gradients. For example, T s and D 14 are significantly influenced by the population origin but not by the population × replication interaction (Tables 3 and 5 ). Yet, regional clinal variation over geographic and climatic gradients detected in other traits may be weakened by genotype × environment interaction. The differentiated populations may not exhibit variation along geographic and climatic gradients because of the interaction, particularly when the population differentiation is weak and the extent of the gradients is relatively narrow. Further elucidation of patterns of adaptation in Alberta will require the establishment of test sites over multiple environments and multiyear analyses.
Our results also indicate that, in terms of summer precipitation, local populations were near optimal for growth and production. However, seed sources for reforestation from slightly colder (higher elevation, lower summer temperature and moisture index) but wetter (higher mean annual precipitation) areas might actually improve growth and production.
